We characterize the genetic diversity of Xenopus laevis strains using RNA-seq data and allele-3 specific analysis. This data provides a catalogue of coding variation, which can be used for improving 4 the genomic sequence, as well as for better sequence alignment, probe design, and proteomic 5 analysis. In addition, we paint a broad picture of the genetic landscape of the species by functionally 6 annotating different classes of mutations with a well-established prediction tool (PolyPhen-2).
1

Introduction
2
A systematic understanding of the genetic basis of human disease and its underlying cellular and 3 molecular mechanisms is dependent on model organisms that can both capture the pathology under 4 investigation and provide tools for functional studies. From mammalian to invertebrate models, each 5 organism offers tradeoffs between genomic and physiologic similarity to humans as well as the 6 availability, scalability and cost of functional assays. Historically, Xenopus has been an excellent 1 analyses in Xenopus (e.g. RNA-Seq, proteomics, genome editing) our data underlines the importance 2 of using a defined genetic strain for such experiments when trying to analyze the data. Second, 3 crossing an inbred strain with another line whose genomic variation is reproducible and characterized 4 in depth may provide insights into functional and regulatory variation driven by differences between 5 alleles. This type of experimental design has been utilized extensively in other model organisms (Cui 6 et al., 2006).
7
Our analysis of several SNPs in protein coding genes led us to re-examine the gene duplication phenotype, one may hypothesize that purifying selection would be relaxed. We asked to what extent 15 potentially deleterious mutations occur on duplicated genes. Our results confirm previous reports that 16 duplicated genes have lower mutation rates, however, further analyses of the nonsynonymous 17 variants reveal unexpected differences potentially attributable to subfunctionalization. 18 Table S1 for details). The F1 libraries were pooled in-4 silico and analyzed together.
Materials and Methods
5
Data analysis. The X. laevis genome sequence data was downloaded from Xenbase 6 (RRID:SCR_003280), including the gene models and respective names. We used the most up to date 7 genome assembly (Session et al., 2016 ) from files named "XL9.1_annot_v1.8.1.primary*" released on 8 Dec 9, 2015 on Xenbase (ftp.xenbase.org/pub/Genomics/JGI) . RNA-Seq reads were soft-trimmed by 9 quality, and stripped of remaining Illumina adapter sequences using Trimmomatic (Bolger et al., 10 2014). We used paired end alignment which means that the mapping information from both the 11 forward and the reverse read was used simultaneously to determine the mapping location and 12 possibly disambiguate mapping in situation when one of the reads in a pair was a match to multiple 13 mapping loci. We aligned the paired reads and aligned to the JGI9.1 assembly using tophat ver. 2.1.0
14
(Trapnell et al., 2009), allowing up to five mismatches, read-gap length of 3, and edit-distance of 5
15
(command line parameters used: tophat -N 5 --read-gap-length 3 --read-edit-dist 5.) Edit-distance for 16 tophat is a parameter that controls simultaneously the permitted mismatches and the permitted 17 INDELS and refers to the minimal number of changes that need to be made to the mapped read in For a conservative approach to SNP discovery in an allotetraploid genome we discarded 26 ambiguous reads, defined as reads with multiple acceptable alignments under the specified 27 parameters (see above). To do so, we used a mapping quality filter on the alignments used for SNP 28 calling; the mapping quality of ambiguously mapped reads produced by the aligner is indicated as 0, 29 while we required mapping quality of at least 30 (switch -q 30; specifying minimal alignment quality of 30 the read) to discard any ambiguous or low quality alignments (7% of the mapped reads, Table S1 
Results
4
Remaining genetic diversity in the colonies of the reference Xenopus laevis strain (J strain) 5 To gauge the RNA-encoding sequence diversity remaining within the J strain colony, we performed 6 RNA-sequencing and compared cDNA sequences to the X. laevis reference genome, which is based 7 on that strain. We prepared cDNA libraries from pooled stage NF-42 tadpoles (Nieuwkoop and Faber, 8 1994) of J strain, and aligned the sequence reads to genome assembly version 9.1, available on 9
Xenbase. There were 347,850 high-confidence (QUAL 30, 97% probability of correct call according 10 to bcftools) single-nucleotide variants in cDNA of J-strain animals compared to the reference J strain 11 genome sequence.
12
Of these, transitions outnumbered transversions (215,529 ts, 132,321 tv) and constituted 62% of 13 the total. This rate is lower than would be expected in human (67%, p <0.000001) based on the 1000
14
Genomes Project data (DePristo et al., 2011). Since the ratio is stable across the quality range and 15 the per-base sequence quality is high, we interpret the difference to be due to the relatively higher GC Of the SNPs covered by 10 or more reads, which afford a >99% chance of detecting both parental 21 variants, 74% were heterozygous, indicating that the diversity within the J strain colony remains Indeed, higher depth thresholds provide a better estimate of true heterozygosity ( Figure S1 ). As for 27 the homozygous variants, these derive from three possible sources: 1) sequencing and assembly 28 errors; 2) wildtype variants that were not expunged by inbreeding and may be homozygous in the Thus, our findings improve our understanding of the genetic landscape of Xenopus laevis by 38 adding SNP information that will be useful for planning of future experiments that require precise 39 sequence alignment, such as CRISPR-Cas genome editing applications. The comparable levels of 1 heterozygosity of J strain and human populations also suggest Xenopus can be used to model some 2 aspects of variation in human populations.
3
A catalogue of SNPs in the B strain 4 Next, we wanted to characterize SNPs in the albino strain, which we call the "B strain". Albino pursue allele-specific characterization. For example, the temporal and spatial distribution of 10 maternally deposited mRNA can be studied in a F1 hybrid cross. The SNPs we report are a useful 11 resource for genomic research with that strain.
12
As expected for a divergent line, the amount of overall variation observed in the B strain is 13 significantly higher than the J strain (708,820 SNPs of QUAL 30, ts: 403,886, tv: 304,934, indel: 14 62,748). In fact, the number of SNPs is more than twice than that observed in J strain, and this
15
remains the case when we control for depth of coverage ( Figure S1 ). Furthermore, the vast majority 16 of identified SNPs are heterozygous, which was expected because the strain has not been strictly 17 inbred and has been subject to periodic outbreeding. Interestingly, the ts/tv ratio for the B strain is 18 even lower than the ratio observed for J strain (1.3 versus 1.6, p<0.0001, Figure 2 ). Since the 19 samples were sequenced on the same lane, the lower ratio cannot be due to variation in sequencing 20 quality but may indicate higher mismapping rates. Thus, as expected, the non-genomic inbred strain 21 presents a deeper reservoir of genetic diversity that can be exploited in genetic studies. 
Characterization of diversity in a first generation hybrid
33
The genomic diversity data from an F1-hybrid cross of the J and B strains is a further resource.
34
The number of SNPs and INDELs observed in the JxB F1 generation is more similar to that observed 35 in J strain than in the B strain, particularly at higher quality thresholds. This is due to a combination of 36 factors, specifically a qualitative and quantitative decrease in the representation of alternative variants 37 in the F1 compared to the pure B strain, and a mapping bias favoring the alignment of reference 38 reads. However, when taking into account only the coverage depth (and not the proportion of the 39 alternative allele observed), the amount of observed F1 variation increased substantially (Figure 2) . 40 This indicates that F1 data can be used to validate and refine variant calls from the pure strains. Further, it is possible to use the data to discover expression quantitative trait loci (eQTLs) by 2 analyzing the relative expression of the two alleles at heterozygous variant calls. Validation and technical noise estimation 4 Our approach to SNP calling has a number of inherent limitations due to the fact that it uses RNA 5 rather than DNA. To understand the potential for inaccuracies inherent in the method, we used the 6 data from an additional experiment in which one tadpole was cut into two parts, and the resulting 7 samples underwent all steps of the protocol from RNA extraction to sequencing separately. We then When we restricted the analysis to SNPS with quality 30 or higher (which was used for cutoff for 14 statistics cited in the paper) in the sample where they were detected, the agreement jumped to 82%.
15
The quality call itself corresponds to 97% chance of correct call, which means the discrepancy 16 between the expected and actual confirmation rate is 15 %.
17
It is important to note however that the unconfirmed calls are not necessarily equivalent to a false with 250 to 300 loss-of-function variants. All nsSNPs are categorized into "benign", "unknown",
15
"possibly damaging" and "probably damaging" categories based on the PoyPhen-2 model ( Table 1) . 16 The percentage of damaging mutations we observe is naturally much lower than in the whole human did not play a role in duplicate copy loss, one may hypothesize that genes with duplicates are more 30 robust to mutation due to the presence of an extra copy. To assess the strength of purifying selection 31 in the two groups of genes, we used SNPs unique to the B strain which we took to have appeared at . 3 ).
3
One concern is that genes without synonymous substitutions may be disproportionately distributed Table 2 ). The dN/dS ratio (Yang and 9 Bielawski, 2000), which is the D n /D s normalized by the number of potential synonymous and non-10 synonymous sites, can be interpreted as an indicator for selection pressure. It is lower than 1, 11 suggesting that both groups of genes remain largely under purifying selection. Thus, we can conclude 12 that duplicated genes are under higher purifying selection than singletons. An additional question is whether some paired genes underwent subfunctionalization after the split.
21
The process of subfunctionalization would be characterized by a larger than expected fraction of 
28
One caveat is that this analysis is performed on a draft version of the X. laevis genome, it is 29 therefore unlikely that all duplicated genes have been positively identified. Thus, the two juxtaposed We should thus expect the results to get more significant once the "singleton-enriched" category 34 becomes better defined with the future releases of the genome assembly and gene models. To provide an additional and orthologous estimate of the divergence of the J and B strains, we 2 analyzed the spectra from our previous proteomic mass spectrometry experiments using the most which 2,062 were single-peptide detections with 11 proteins only lost from these).
11
We noted that for a heterozygous nsSNP proteomic mass spectrometry measurement would show In summary, we have presented a resource for coding variation in Xenopus laevis based on the 21 newly released genome sequence. One caveat is that we study polymorphism indirectly, using 22 transcripts, which means that both noise and systematic bias could affect our observations. While we Unsurprisingly, the genetic diversity in an occasionally outbred strain is much larger that that of the 37 inbred strain. The greater diversity of occasionally outbred strains, such as the B strain constitutes a 38 technical challenge and may need to be taken into account in bioinformatics analysis, e.g. when 39 mapping parameters are set. Specifically, the number of allowed mismatches may be tuned to reflect 40 the expected number of variants in the read given the read length and should be increased if an 
overall mapping rate may be affected since more ambiguous mappings across homeologs are likely 4 to result. This trade-off should be considered in the context of the specific sequencing application.
5
Further, using a SNP-masked reference should be considered when tadpoles from two different 6 strains (e.g. J and B strains) are used in the same experiment. In addition, homozygous variants in J 7 strain can be utilized to improve the quality of the genome sequence. This may be in agreement with a dynamic model of gene duplication, in which the novel copy of a 34 duplicated gene is initially subjected to rapid evolution, followed by a return to purifying selection In conclusion, this study shows that genetic analysis of Xenopus laevis enabled by the publication Tables   2  Table S1 : Alignment statistics for the RNA-Seq read obtained respectively from J strain, B strain and F1- 
Highlights:
 A catalogue of coding variants in two strains of Xenopus laevis including genomic.
 A functional annotation of identied coding mutations is provided.
 The ratio of non-synonymous to synonymous mutations suggests subfunctionalization.
